missile. The source of this roll bias is discussed in this
paper and a design is introduced to effectively eliminate
or minimize its effect.

The Cause of the Roll Bias

Figure 1 shows a typical roll angle history as a
function of time. The roll bias had not been noticed in
- previous designs and it was unclear at what point this
bias had been introduced into the design. A little
-investigative work led to the answer. Going back as far
as FMT1 version II, it was noticed that the roll angle bias

* . had been present. The roll bias was not present in version

.1 Several new mods had been introduced into the design
simulation since FMTI version I For instance, the
aerodynamics had been updated to the new black box
aero, The actuator'had also been updated. And of course
there have been several autopilot updates. The actuator
was climinated by running the simulation using the linear
actuator model instead of the new full up model. The roll
bias was still present. Since the roll autopilot topology
had not changed since version I, by process of elimination
it appeared that the problem had to be the new aero.
Examining plots of the roll aerodynamics from reference
1, the cause of the bias became apparent. Figure 2
shows that at zero angle of attack and zero roll fin
deflection there is a slight aerodynamic roll coefficient.
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Abstract Thus there is a roll moment at this condition.
The Future Missile Technology Integration (FMTI) 04
"Missile System is an attempt to design an Army tactical ’ oL T1® —
weapon that can effectively attack both fixed and rotary osl
wing aircraft and armor of all types. Several 6-DOF ’
simulations have been developed to aide in the design of
this system. There is a design 6-DOF, a man in the loop 02t
(MITLS) simulation, a hardware in the loop ' _
(HWIL)simulation, and a tracker design simulation to 1T
name a few. The design 6-DOF is the highest fidelity Lo, L
simulation and it has been used as input to the other 0 VV I
simulations. The design simulation is used to design the \/\' 1
overall system requirements including hardware and Rl
software algorithms. As to be expected, the design 6- '
DOF has gone through many changes as the system 02p
evolved. It has become apparent that there has been a
roll angle bias introduced into the roll channel of the Rt p P 20 >

TIME

Figure .1 Typical Roll Angle Time History Showing Roll Angle
Bias That Has Been Introduced Into the FMTI Design
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Figure .2 Aerodynamic Roll Data Showing Bias Moment
at Zero Angle of Attack and Zero Roll Fin Deflection
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Analysis

The equation for the roll angular rate as a function of the
apphed rolling moments becomes

2 .
C1,608D + Clppg% + CLOSD = hap (1)

Dividing through by the moment of inertia and making
the appropriate definitions, the differential equation
relating the roll rate to the fin deflection and bias moment
becomes

Lo+Lp+L,=p ()

During cruise the dynamic pressure is about constant
for near constant velocity and near constant altitude. Thus
all the aerodynamic terms in this equation are about
constant. Taking the LaPlace transform of the above
equation making the near constant dynamic pressure
assumption, the following relationship results.

L5(s) L(s)

= N ©

The topology for the roll autopilot is shown below in
figure 3. Note how the bias acts as a disturbance to the
roll rate part of the autopilot. If the roll rate compensation
is changed to a proportional plus integral (PI) type, then
anear constant disturbance moment has no effect on the
roll rate. This is because the constant moment is
effectively differentiated. A differentiated constant yields
zero. Thus the rate command p, has the desired effect
with the effect of the bias being nullified.

0 ]Frj@,.

Figure .3 Roll Autopilot Block Diagram

In order to do a design, the transfer function from fin
deflection in to roll angular rate must be known as well as
a representative fin deflection per fin deflection command
transfer function. Table 1 shows roll rate transfer
functions at several different velocities. The fin deflection
per fin command to be used in this design is also shown
below. The design will be performed for a velocity of
500 fi/sec and then modifications will be added to
account for velocity variation.

: Roll Rate Transfer Function
Velocity(ft/sec) .
(E.) _ 4489
100 S s + .54
(E) = A04.06
300 s + 1.62
(E) - 11224
500 s +2.70
(.E.) . 21999
700 [} s +3.77
(£_) . _3636.6
900 6 s + 4.85
(E_) o 34324
1100 $+3593

Table 1 Airframe Roll Rate Transfer Functions




) - 35530. .
8. 5% + 265s + 35530 “) _

Since the sample rate used for the .autopilot in this

system is 600 Hz, s plane techniques can be used in the -

design. Figure 4 shows the root locus for the rate loop

. without compensation and Figure 5 shows the root locus
for this loop with a PI controller present. The PI
controller has the form shown below. Of course the filter
will be implemented into the autopilot as a digital Filter.
A tustin transformation is used-to transform from the s
domain to the z domain.

©)

An integral part of the rate loop filter is the variable
gain k; (ROLGAN). This gain is scheduled as a
function of the estimated missile velocity (VMEST)
calculated by the navigator. A sketch of the gain history
‘is shown below in figure 6. The compensation G is set
to 1 at present.
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Figure 4, Root Locus for Uncompensated
Roll Rate Loop
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Figure 6. Roll Filter Gain as a Function
of VMEST

Results

Figure 7 shows a typical roll angle history with this
new compensation. Note that the roll bias has been
cffectively eliminated. The roll angle is not perfectly

--symmetrical about zero since some of the fin is used to
control the pitch and yaw channels as well as roll.

045 —

*fot71" —

01}

A r/\/\ A..'

N | |
A Mk~ W |

Q.1

.18 _
.0 [ 10 15 20 25
TIME

Figure 7. Typical Roll Angle Time History
Showing Effective Elimination of Bias

Conclusions

The subject of disturbance accommodation control
(DAC) has been around for some time and there are

several techniques for approaching the problem?. If a

disturbance has piecewise constant wave form, the typical .
DAC solution reveals (after much analysis) what the
classical control engineer has known for some time.
That is a free 1/s in the feedback path will effectively
eliminate the disturbance. A real world problem has
been presented that has this form of disturbance. The
effective solution has been shown to be a PI controller.
For this case, the PI controller allowed the commanded
roll rate to be achieved while the aecrodynamic bias has
been effectively eliminated.
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Glossory
Symbol . Definition Units
Cl,  Roll Driving Derivative Per Rad
0 Fin Deflection Angle Radian
p Missile Roll Rate Rad/sec
Dynamic Pressure Lb/ft?
Clp Roll Damping Coefficient Per Rad
D" Aero Reference Length ft
Cl, RollBiascoefficient ~ -oee-
S AcroReference Area ft? )
I_.  Roll Moment of Inertia Slug-ft
CL,OSD
L, = Per sec?
I, )
Cl QSD?
L » i—— Per sec
2vl
Cl OSD
o 95D Rad/sec?
o I
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